Abstract: Colorectal distensions of 60 and 80 mmHg significantly reduced heart rate (HR) and cardiac sympathetic nerve activity in anesthetized rats. This bradycardiac response was not influenced by the intravenous administration of atropine, but was abolished by propranolol, suggesting that it was elicited by sympathetic but not vagal efferent nerves.
It has been reported that cardiovascular function is reflexively regulated by visceral noxious stimulation, such as distension of stomach [1] , colorectum [2] , biliary system [3] , and uterus [4] , in anesthetized animals. Our recent study demonstrated that a noxious range of colorectal distension (CRD) produced a reflexive decrease in blood pressure in anesthetized central nervous system (CNS)-intact rats via a reflexive inhibition of sympathetic vasoconstrictor nerve (renal sympathetic nerve) activity [5] . The decrease response of blood pressure induced by CRD in CNS-intact rats was reversed to increase response by spinalization at the 2nd cervical level (C2). Thus it was suggested that the reflex center of the CRD-induced inhibitory reflex modulation of blood pressure was at supraspinal levels in CNS-intact rats. There was also CRD-induced excitatory reflex modulation of blood pressure at the propriospinal levels, though the excitatory reflex was inhibited by the supraspinal structure in CNS-intact preparation [5] .
During these experiments on the blood pressure, we had observed that CRD produced bradycardia in association with a decrease in blood pressure in CNS-intact rats. It is well known that bradycardia is induced by visceral manipulation during surgery in human [6, 7] . And these responses have been considered as a reflex response whose efferent is the cardiac vagus nerve. Using anesthetized rats, Grundy and Davison [8] suggested that the efferent path of bradycardia to a distension of the stomach was the cardiac vagus nerve. On the other hand, Robbins and Sato [4] reported that bradycardic responses to a distension of the uterus was not influenced by a bilateral vagotomy in anesthetized rats and suggested a contribution of the cardiac sympathetic nerve. It is interesting to learn the efferent paths and the reflex center of bradycardia induced by CRD.
It has been reported that the cardiovascular response to CRD stimulation in anesthetized rats was unstable and fluctuated based on the depth of anesthesia [2] . Our previous study developed an anesthetized rat model of stable depressor response induced by CRD [5] . Using this rat model in the present study, we aimed to clarify the involvement of the cardiac sympathetic and parasympathetic nerves as efferent paths in the CRD-induced reflexive bradycardia. We also examined this reflex in spinalized rats to determine whether its reflex center was in the brain and/or the spinal cord.
Methods
Adult male Wistar rats weighing 330-380 g (n = 16) were housed in a climate-controlled environment with food and water ad libitum. All animal experiments were conducted according to the Guiding Principles for the Care and Use of Animals in the Field of Physiological Sciences. The rats were anesthetized with 50 mg/kg of pentobarbital intraperitoneally for general operations, such as cannulation of the trachea, artery, and vein, and dissection of the cardiac sympathetic nerve. Since it has been reported that cardiovascular responses in rats fluctuated based on their depth of anesthesia [2] , a microinjection pump was used to continually inject a 1.0% pentobarbital saline solution at a rate of 0.5-0.8 ml/h through a cannula that was inserted in the left femoral vein to maintain stable anesthesia, as described previously [5] . The stable anesthetic condition was evaluated by monitoring their motion, respiration, blood pressure, and heart rate in resting condi-tion. The right femoral vein was cannulated for the delivery of nutrients, and the animals were also intubated with a tracheal tube through which they were artificially respirated (SN480-7, Shinano, Japan). End-tidal CO 2 concentrations, examined with a gas monitor (Microcap, Oridion Medical, Israel), were kept at about 3.0% by controlling respiratory rate and volume. Body temperature was kept at 37º-38°C using a homeothermic blanket and an infrared lamp (ATB-1100, Nihon Kohden, Japan).
CRD stimulation was applied by inserting a 2 cm balloon condom into the colorectum through the anus; the tip of the balloon was placed 6 cm proximally to the anal verge. The degree of distension was modulated and assessed using a 10 ml volume syringe and sphygmomanometer fastened by means of a Y connector attached to the balloon. Intraballoon pressures of 40, 60, or 80 mmHg were applied for 20 s by inflating the balloon with air as the noxious stimuli [5, 9] . The time interval between distensions was approximately 5 min.
The animals were kept in a supine position for 20-30 min after their operation to stabilize their baseline HR recordings. HR was measured with a pulse rate tachometer (AT601-G, Nihon Kohden, Tokyo), which was triggered by systolic blood pressure waves, and recorded continuously on a polygraph.
Since the influence of the right cardiac sympathetic nerve on sinus rhythm is greater than that of the left cardiac sympathetic nerve [10] , recordings were made from the right nerve. With the rats in a prone position, the cardiac sympathetic nerves were dissected free following the removal of the second costal bone, as described previously [11, 12] , and their neuronal activity was amplified using a preamplifier (time constant 0.01 s; S-0476, Nihon Kohden, Tokyo) and sampled using an analog-to-digital converter (PowerLab/8, AD Instruments, Australia) at a rate of 2,000 samples/s that was rectified and integrated every 5 s. The signal recorded at the end of the experiment (after the rat had died) was set as the background noise. The value of the nervous discharge was calculated by subtracting the background noise from the recorded value for statistical analysis [13] .
The following drugs were used intravenously in 4 rats: the muscarinic cholinergic blocking agent atropine sulfate (0.5 mg/kg; Tanabe Seiyaku, Japan), and the β adrenergic receptor blocker propranolol (2 mg/kg; Inderal, Sumitomo Pharmaceuticals, Japan).
Full spinal cord transections were carried out at the C2 level in 4 rats. After surgery, mean arterial pressure (MAP) was maintained around 70 mmHg by an injection of 4% Ficoll solution (Ficoll 70, Pharmacia Fine Chemicals AB, Sweden).
Data are expressed as the mean ± SEM. Statistical comparisons were carried out using the unpaired t-test, or a repeated ANOVA (analysis of variance) followed by a Dunnet's multiple comparison test. A p value of <0.05 was considered statistically significant.
Results and discussion
The resting HRs in 6 CNS-intact rats, measured at the start of the experiment, were 377 ± 12.5 beats/min. CRD stimulations of 60 and 80 mmHg decreased their HRs, but a stimulation of 40 mmHg did not. The effects of CRD stimulations of 40, 60, and 80 mmHg on the HR of one rat are shown in Fig. 1, A-C; Fig. 1 , D-F summarizes the corresponding time course data in 6 rats. HRs began decreasing after the onset of a CRD of 60 and 80 mmHg, with peak reductions occurring at the end of the stimulation period, after which they gradually returned to prestimulus control levels. HRs following CRDs of 60 and 80 mmHg decreased by 8.1 ± 1.9 and 21.4 ± 5.0 beats/min, respectively, at the end of the stimulation period (Fig. 1, E and  F) . Thus the magnitude of the bradycardiac response was dependent on the pressure of the applied CRD; the mean maximum amplitude of the bradycardiac response to 80 mmHg of CRD stimulation was more than double that seen following 60 mmHg of CRD stimulation (Fig. 1, E  and F) . . Each point and vertical bar represent the mean ± SEM (n = 6 trials in 6 rats). * means p < 0.05 compared to prestimulus control values using a one-way repeated ANOVA followed by Dunnet's multiple comparison test.
Ness and Gebhart [2] reported that the CRD-induced cardiac responses in anesthetized rats fluctuated relative to their depth of anesthesia. In our experiments, we obtained stable bradycardiac responses following CRD stimulation by stabilizing the anesthetic state of our animals through continuous infusions. Since we have investigated that CRD stimulations of ≥40 mmHg in rats are considered to be noxious [9] , we concluded that CRDinduced bradycardia in rats is elicited only when noxious stimulation is applied.
Blood pressure was also reduced following CRD stimulation, confirming our previous report [5] . Mean arterial pressure dropped by 12.9 ± 2.8 and 27.5 ± 3.6 mmHg following CRD stimulations of 60 and 80 mmHg, respectively. If blood pressure had increased in response to CRD stimulation, it would have been conceivable that the resultant bradycardia was a secondary effect induced by this increased pressure (i.e., baroreflex). However, this was not so because CRD reduced the blood pressure in our animals.
Intravenous atropine, a muscarinic cholinergic receptor antagonist, increased the basal HR in our 4 treated rats (to 433 ± 6.4 beats/min, measured 5 min after injection). On the other hand, the HR response elicited by a CRD stimulation of 60 mmHg was not significantly altered by the injection of atropine (Fig. 2, A, B, and D ). An additional injection of propranolol, a β-adrenergic receptor blockade, reduced basal HR (365 ± 7.0 beats/min, measured 5 min after injection). The HR response elicited by a CRD stimulation of 60 mmHg was abolished following the injection of propranolol (Fig. 2, C and D) . These results suggest that cardiac sympathetic nerves mediate the efferent limb of this bradycardiac response. In contrast to our present results in anesthetized rats, it was reported that CRD stimulation produced tachycardia in conscious rats that was attenuated by atropine and/or propranolol, suggesting that both the parasympathetic and sympathetic efferents were involved in the efferent pathway [2] . Thus it is clear that the pathway mediating the CRD-induced HR response in anesthetized rats is different from that in conscious animals.
The spontaneous efferent activity of the right cardiac sympathetic nerves, integrated for 5 s, was 3.5 ± 0.6 μV·s in 4 CNS-intact rats. CRD stimulations of 60 and 80 Fig. 2 . Effects of atropine (ATR) and propranolol on the HR response to 60 mmHg of CRD stimulation in CNS-intact rats. Panels A-C show the HR recordings in response to 60 mmHg of CRD stimulation before (A, control) and after intravenous ATR (B) and additional propranolol (C) injection in one rat. Panel D summarizes the maximum changes in HR at the end of the CRD stimulation period. The data are expressed as the mean ± SEM (n = 4 trials in 4 rats). * means p < 0.05 compared to prestimulus control values using a paired ttest. # means p < 0.05 between the control and ATR + propranolol groups using an unpaired ttest. mmHg decreased the activity of these nerves, but a CRD stimulation of 40 mmHg had no effect. The effects of CRD stimulations of 40, 60, and 80 mmHg on nerve activity in one rat are shown in Fig. 3, A-C; Fig. 3 , D-F, illustrates the corresponding time course data. Cardiac sympathetic nerve activity generally started to decrease immediately after the initiation of CRD stimulations of 60 and 80 mmHg and continued to diminish to their maximum at the end of stimulation, after which they gradually returned to prestimulus control levels. Nerve activity was significantly reduced to 84 ± 7.0 and 77 ± 7.4% 10-20 s after the onset of CRD stimulations of 60 and 80 mmHg, respectively (Fig. 3, E and F) . Cardiac sympathetic nerve inhibition was dependent on CRD pressure, in both amplitude and recovery time (Fig. 3, E and F) . It is obvious that the present inhibition of cardiac sympathetic nerve activity following CRD stimulation produced the decrease in HR.
To determine whether the reflex center of the above inhibitory HR and cardiac sympathetic nerve activity responses following CRD stimulation is located in the brain and/or the spinal cord, experiments were carried out in acutely spinalized rats. Resting HR and cardiac sympathetic nerve activity in spinalized rats were lower than those in CNS-intact rats, as we had reported previously [11, 13] . CRD stimulations of 60 and 80 mmHg did not induce a significant change in the HR and cardiac sympathetic nerve activity in these animals, suggesting that the reflex center that mediates CRD-induced bradycardia is supraspinal in its location. Recent evidence showed that there was an increase in c-fos-like immunoreactive neurons in the nucleus of the tractus solitarius and the rostral ventrolateral medulla in the brainstem in response to colonic distension [14] . Thus these supraspinal regions may act as the reflex center for CRD-induced bradycardia.
In conclusion, the results of our experiments using pharmacological and electrophysiological techniques suggest that cardiac sympathetic nerves mediate the efferent limb of the CRD-induced bradycardiac response in anesthetized rats and that the reflex center regulating this response is located at supraspinal levels.
